Observations show that optical depth over desert increase during daytime when a convective mixed layer develops under a light general wind condition. This implies that dust suspension by horizontal winds associated with convective motions occur even in the absence of general winds. In the present paper, a large eddy simulation is performed to study how much dust is suspended in a convective mixed layer without a general wind. The results show that dust particle concentration in the convective mixed layer can reach on the order of 10 µg m −3
Introduction
In arid areas, dust particles are emitted by wind erosion from the ground to the atmosphere. Dust emission is the largest source of aerosols which affect the atmospheric radiation both directly and indirectly and hence the global climate. The wind erosion also causes land degradation in agricultural areas.
Dust particles whose radii are smaller than 10 µm have very small terminal velocities. Thus, once emitted from the ground, they are suspended in the atmosphere for a long time and are transported over long distances by large-scale circulations. Dust particles that originate from the Asian continent and are transported to Japan are known as Kosa (Kai et al. 1988; Yoshino 2004) . The major source of dust particles suspended in the atmosphere is due to saltation bombardment, which occurs in association with strong winds (Parungo et al. 1994; Shao 2000) . They are called dust storms, and are caused by cold fronts accompanying synoptic-scale disturbances or thunderstorms.
Observational studies in the Saharan desert show an evidence that dust particle suspension also occur in convective mixed layers during daytime even if the general wind is weak (Ansmann et al. 2008; Kahn et al. 2008; Marsham et al. 2008) . Ansmann et al. (2008) and Kahn et al. (2008) suggest that convective winds and dust devils, which are coherent structure in a convective mixed layer, can play an important role in causing the dust suspension in a weak general wind condition. However, dust emission in a convective mixed layer have not been well studied.
Recent numerical studies on a convective mixed layer suggest that even in the absence of a general wind, turbulent thermal convection and dust devils can cause relatively strong horizontal winds near the surface (Kanak et al. 2000; Ohno and Takemi 2010; Ito et al. 2010) . In particular, dust devils are known to favor weak wind conditions (Sinclair 1969; Ito et al. 2010) . These convectively-induced horizontal winds can pick up small dust particles from the ground, although their amount may be much less than that by a severe dust storm. Several studies that combined observational data and theory suggest that convective plume and vortices play an important role in the global aerosol budget (Gillette and Sinclair 1990; Koch and Renno 2005) . Since small dust particles may float in the convective mixed layer over several days, their concentrations could be amplified if fine weather continues. This type of dust accumulation have not been studied so far.
In this study, a Large Eddy Simulation (LES) in which surface flux of dust particles, their advection, and gravitational settlings are incorporated is used to study how much dust is suspended in the atmospheric boundary layer for a fine weather condition over a desert.
There have been several LES studies on dust particles lifted by a dust devil (Zhao et al. 2004; Gu et al. 2006) . In these studies, however, a single dust devil is produced in a cylindrical coordinate system and dust particles whose radius is on the order of several tens micro meters are distributed around the dust devils. The present study will consider both turbulent convection and associated dust devils in a diurnally-varying convective mixed layer. The size of dust particles considered in the present LES range from 1 µm to 10 µm. This is smaller than those considered in Zhao et al. (2004) and Gu et al. (2006) and better corresponds to the ingredients of the Kosa.
The LES model used in this study is described in Section 2. Section 3 presents the results of dust particle suspension simulated by the model in the diurnally-varing convective mixed layer for the first day. Section 4 describes the results for the second day, for which a part of the dust particles remain in the atmosphere without completely falling out during night and attains a further accumulation. The results are discussed in Section 5, and conclusions are given in Section 6.
Numerical model
In order to consider suspension of dust particles, we have implemented surface flux of dust particles, gravitational settling, and their transport in the LES model used by Ito et al. (2010) .
Surface flux of dust particles and their transport model
Surface flux of dust particles in a weak general wind have been little examined. When the general wind is strong, saltation bombardment plays a major role in the dust particle flux (Bagnold 1954; Shao 2000; Shao 2001; Ishizuka et al. 2005) . It is known that there is a critical wind speed below which no saltation bombardment occurs. Visual observations of a convective mixed layer accompanied by dust devils, however, suggest that dust particles are being suspended in the air even in a weak general wind. Thus, surface flux of dust particle due to another mechanism must be occurring. Loosmore and Hunt (2000) presented an experimental formula for surface dust flux F d :
where F d is in µg m −2 s −1 and u * is the frictional velocity. The dust flux given by Eq. (1) is caused by resuspension which is more favorable for weak winds. In the present simulation, Eq. (1) is used to give the surface dust flux.
Dust particles are assumed to consist of 4 categories according to their radii r k (k = 1, 2, 3, 4), where r 1 , r 2 , r 3 , and r 4 are 1, 3, 6, and 10 µm, respectively. We crudely assume that the surface dust flux for each category is equal and is given by theless, smaller dust particles remain in the atmosphere, and their ratio to the larger dust particles increases. Figure 2 shows three-dimensional distribution of the dust concentration c at 1500 LST. The pattern of the dust distribution reflects updrafts associated with cellular convection near the surface: updraft regions have higher dust concentration. In the middle and upper part of the mixed layer, however, the dust particles spread horizontally due to turbulent diffusion. Also shown by white marks in Fig. 2 are the regions of large vertical vorticity which are likely to correspond to dust devils. Their positions correspond well to the regions of high dust concentration.
Large Eddy Simulation on Dust Suspension in a Convective Mixed Layer
When the maximum of the surface heat flux Q max is decreased (increased), horizontally-averaged dust concentration c at 1500 LST decreases (increases) as shown in Fig. 3 . Dust concentration is significantly large near the surface. However, it is vertically uniform in a large part of the convective mixed layer and shows a nearly-linear dependence on the surface heat flux. , so that the dust concentration remains small there.
Dust particle suspension for the second day
The calculations on the first day are terminated at 1800 LST. The present section explores the dust particle suspension beyond 1800 LST onto the following day. To this end, dust particles are crudely assumed to fall with their terminal velocities from 1800 LST on the first day to 0700 LST on the next day. Dust particles whose radii are 6 µm or larger turn out to fall off completely during the night. In contrast, a considerable fraction of dust particles whose radii are 1 µm and 3 µm continue to remain in the atmosphere. By using the dust particle concentration at 0700 LST on the next day as an initial condition, a similar calculation as the first day was made for the second day. Figure 4 shows the same quantities as Fig. 1 except for the second day. A comparison with Fig. 1 shows that the suspended dust particle concentration on the second day is 15.3 µg m −3 at the lowest level at 1500 LST, which is considerably larger than that for the first day, and ratio of smaller dust particles to the total dust particles shows a marked increase over the whole convective mixed layer.
Discussion
Although the condition of a homogeneous ground surface without a general wind seems to be least favorable for dust suspension, the dust particle concentrations simulated in the present numerical study attain the order of ten µg m . Thermal convection in the convective mixed layer can cause fairly strong near-surface horizontal winds, which pick up dust particles. The simulated dust particle concentration is comparable with smaller values that are observed at Taklimakan Deserts, where the minimum concentration is 64 µg m −3 while it sometimes exceeds 1000 µg m −3 .
The dust particle concentration is found to be a monotonically increasing function of the surface heat flux as is easily expected: stronger surface heat flux cause more vigorous convection, which, in turn, leads to larger dust particle concentration. This also links to the fact that stronger dust devils occur for stronger surface heat flux (Ito et al. 2010) . When Q max is 295 W m −2 , the maximum horizontal wind speed reaches 8 m s −1 at z = 10 m in the simulated dust devil.
The concentration of dust particles whose radii are 1, 3, 6, and 10 µm at the lowest layer at 1800 LST on the first day for the standard run C 1,1 , C 3,1 , C 6,1 , and C 10,1 are found to be 4.12, 3.30, 1.52, and 0.26 µg m −3 , respectively. The concentrations C 1,2 and C 3,2 at 1800 LST on the second day are found to reach 1.86 and 1.08 times larger than that on the first day. Neglecting the vertical distributions and assuming that the same insolation condition continues indefinitely, one can derive the concentration C 1,n that 
Dust concentration c k of category k is described by the following equation, in which advection, diffusion, and gravitational settling are considered:
where w f, k denotes a terminal velocity (positive downward) for each category, the overbars resolved-scale variables, and u i (i = 1, 2, 3) the velocity components (u, v, and w) in x-, y-, and zdirections, respectively. κ t is the subgrid eddy diffusivity of the concentration, which is taken to be equal to the subgrid eddy kinematic viscosity ν t . The dust deposition flux at the lower boundary is given by − w f, k c k . The terminal velocity w f, k is determined by a balance between the gravitational force and the Stokes drag for a sphere and is given by
where µ is the molecular viscosity of the air, ρ a the density of the air, and ρ d the mass density of dust particles (~2600 kg m
−3
).
LES model
The LES model used for the present study has a homogeneous grid size of 20 m in all directions. Although a term − gcρ a δ i3 , which expresses the gravitational force acting on dust particles, is added to the right hand side of the vertical momentum equation (Eq. 1 in Ito et al. 2010) , this term turned out to be insignificant compared with other terms in the vertical momentum equation.
The frictional velocity u * in Eq. (2) . Initially, no dust concentration c k exists in the atmosphere and no general wind is imposed except that white noise of tiny amplitude with random phase is added to the whole domain. The initial potential temperature increases linearly with height at a constant rate of 4.0 K km −1 from the surface value of 299 K. Time integration is started at 0700 LST and is continued until 1800 LST with a time step of 0.2 s. Figure 1 shows a time-height cross section of the horizontallyaveraged dust concentration c and mass ratio of dust particles with r k ≤ 3 µm to c for the standard run. As the convective mixed layer develops after the surface heat flux is initiated, dust particles start to distribute over the whole mixed layer. The concentration of the particles is fairly uniform in the vertical direction in the convective mixed layer. The dust concentration increases rapidly between 1130 to 1500 LST. At 1500 LST, the horizontally-averaged dust concentration at the lowest level reaches 11.9 µg m , respectively, so that they contribute largely to the total dust concentration in the upper layer. After 1600 LST, the supply of dust particles to the atmosphere is declined due to the decay of the convection. Never-would be realized on the n-th day for the dust particles with radii of 1 µm as 
Dust particle suspension in a convective mixed layer
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which gives
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whereas the same procedure for dust particles with radii of 3 µm yields C 3,∞ = 1.09C 3,1 . This shows that concentration of dust particles whose radii are very small could reach more than seven times as large as that on the first day and the maximum concentration could exceeds 30 µg m −3
, though the same synoptic condition would never last indefinitely in reality. Such an accumulation is negligible for larger dust particles. The dust particles accumulated in the convective mixed layer may be transported over the long distance (e.g., Kosa) when the air in the mixed layer is brought up into the free atmosphere by synoptic-scale disturbances.
The surface dust particle flux in weak wind conditions has been investigated little, partly because it has been considered to be relatively insignificant. Currently, the only existing formulation of surface dust particle flux that seems to be reasonable is the one given by Loosmore and Hunt (2000) . Although Shao (2000) suggested that there might be a threshold velocity determined by an electric force acting among particles, Loosmore and Hunt (2000) does not have such a threshold velocity. Since a horizontal wind speed near the surface often exceed 5 m s −1 and the dust flux increases very rapidly with the wind speed, an existence of the threshold velocity, if any, may not affect significantly the total dust concentration.
We have also assumed that the mass of each category of dust particles is equal (see Eq. 2). Mikami et al. (2005) made an observational study on the mass-size distribution of dust particles at the Taklimakan Desert. Their result shows that the present assumption is fairy reasonable except that mass concentration of 1 µm particles is somewhat smaller in the observation.
In the present simulation, the dust particle concentration during the night has been estimated simply by assuming gravitational settling. This is because it is not easy to make a reliable simulation when the atmosphere is windless and has a strongly stable strafication.
It is also noted that the LES in this study, due to insufficient resolution, can not reproduce smaller dust devils whose radius is several meters, although they might also contribute to the dust suspension. In order to consider dust suspension over whole convective mixed layer, however, the size of calculation domain had to be large enough to contain several convection cells. Performing a LES with higher resolution still remains a challenge. 
Conclusions
A LES model is used for simulating dust particle suspension in a diurnally-evolving convective mixed layer in the absence of a general wind. Turbulent thermal convection in the convective mixed layer induces significiant horizontal velocities near the ground, so that dust particles can be suspended even without a general wind.
The experimental formula proposed by Loosmore and Hunt (2000) is used for estimating the surface dust flux. The threedimensional distribution of the dust particles strongly reflect the updrafts of the cellular convection and dust devils that are collocated with the updrafts. The simulated dust particle concentration in the convective mixed layer is on the order of 10 µg m −3
, which is consistent with the observational study. Simulations with different maximum surface heat fluxes show that the dust concentration in the mixed layer increases nearly linearly with increasing maximum surface heat flux.
In order to examine accumulation of suspended dust particles over days, a LES experiment of a diurnally-evolving convective mixed layer has been made for the second day, where the initial condition is obtained by assuming free falls of suspended particles at their terminal velocities during night. The concentration of very small dust particles on the evening of the second day is found to become 1.86 times larger than that of the first day, and the relative percentage of smaller dust particles in the total suspended dust is increased. This suggests that, if calm and fine weather continues, the concentration of the dust particles whose radii are smaller than 1 µm could reach more than several times as large as that on the first day.
